Introduction &
The main goal of athletic training is to allow the body to adapt to an intensive stimuli, in turn elevating the capacity of various physiological systems to perform at increased work-loads, ultimately resulting in enhanced performance [9, 15] . Elite level athletes require more ATP and display increased metabolism. This results in a high level of reactive oxygen species (ROS) generation [16, 19] . The main sources of ROS during exercise are the mitochondrial respiratory chain, xanthine oxidase-catalysed reactions and neutrophil activation [6] . In addition, iron generates ROS in conditions of lactic acidosis during exercise, as mechanisms evolved to handle essential iron safely are compromised enabling iron ions to enter into Fenton chemistry [5, 28, 29] . The deleterious eff ects of free radicals are overcome via the activity of two complex internal protective mechanisms. Firstly enzymatic (superoxide dismutase, catalase, paraoxonase and glutathione analysis of the oxidative stress status parameters between the three groups of athletes indicated a statistically signifi cant diff erence (Wilks ' lambda = 0.458, X 2 = 35.898, p = 0.031). The most important discriminant variables, superoxidedismutase and superoxide anion, were the best indicators of diff erences between groups with diff erent training experience. The signifi cantly higher values were found in Group 3 compared with Group 1 in superoxide-dismutase activity (141 ± 32 vs. 86 ± 46; p = 0.002), sulphydryl groups (p = 0.031), and reactive oxygen metabolites (p = 0.042). The signifi cantly lower superoxide anion was found between Group 3 and Group 1 (377 ± 187 vs. 1183 ± 905; p = 0.001). Oxidative stress status parameters adequately discriminated 68.5 % of athletes with diff erent training experience.
have demonstrated that anti-oxidant enzyme activity increases in the blood or in tissues after both aerobic and anaerobic exercise [17, 30, 45] . We sought to investigate the long-term eff ect of training on the anti-oxidative adaptation mechanism and its relationship with the number of years of training experience in elite female volleyball players. Three aims were defi ned as follows: 1) To determine the time period required for oxidative stress-induced adaptation, 2) To examine variation in oxidative stress status parameters between athletes with diff erent training backgrounds i. e. years of training experience, and 3) To introduce and evaluate a new index of oxidative stress / anti-oxidant defence.
Materials and Methods & Subjects
Fifty-four adult elite female volleyball players from similar backgrounds participated in this study. The athletes were members of the top four senior female volleyball teams in Serbia in the 2007 / 2008 competition season. They were a representative sample derived from the best performers in the volleyball training system that is applicable in the Republic of Serbia. As training causes a stable infl uence on adaptive mechanisms in all athletes, careful study methodologies were selected (the dependent variable was training experience while independent variables were oxidative stress status parameters). All athletes were of senior age. We divided players according to tertile values into three groups (Group 1: below-average training experience < 8.0 years, Group 2: average training experience between 8.0 and 10.5 years, and 3: above-average training experience > 10.5 years). Above-average training experience value defi ned as the higher tertile in Group 3 was > 10.5 years and below-average training experience value as the lower tertile in Group 1 was < 8.0 years. The anthrophomorphological characteristics of the three study groups are shown in • ▶ Table 1 .
All training data for all the tested volleyball teams were recorded and processed using identical techiques by the assistant trainers on a daily basis for a pretest previous training mesocycle -basic mesocycle. In general, all the tested teams participated in between 8 and 10 training sessions per week with a single average duration of 104.24 ± 12.50 min. The structure of the training process and the training load revealed an aerobic / anaerobic training index of 65.30 ± 6.56 % . According to standard training loads, within which most sport teams participate in 6 -12 h of training per week over the entire year [9] , we can state that the tested players received above-average training loads (14 -16 training hours per week at last mesocycles). All study participants were informed about the purpose and demands of the study before giving their written consent to participate. The whole study was planned according to the ethical standards following the Declaration of Helsinki, as revised in 1983. The Faculty of Pharmacy Ethics Committee (University of Belgrade, Belgrade, Serbia) approved the study protocol. Blood samples and athrophomorphological characteristics were collected at the beginning of the pre-competitive mesocycle training period. To avoid any confounding eff ects of individualized nutrition, subjects strictly followed a standardized diet, containing 55 % carbohydrates, 15 % protein and 30 % fat. The average daily energy intake was 2 784 ± 150 Kcal during the six-week study. The head and assistant trainers supervised the appropriate nutrition of the athletes on a daily basis [43] . Four weeks prior to blood sampling the participants were instructed to abstain from any vitamin or anti-oxidant dietary supplementation. All participants were in good health, did not report any eating disorders, had no ongoing or previous (last year) injuries, not on any medication known to aff ect oxidative stress and were non-smokers.
Sample collection and analysis
Blood collection from the athletes was performed between 7 and 8 am at the beginning of the pre-competitive training period at the end of a 48 h total rest period and after a 12-h overnight fast. Venous blood was collected into evacuated tubes (Vacutainer, Becton Dickinson, USA) from the antecubital vein with minimal stasis. Blood samples were transported and stored in the laboratory where analyses were performed strictly following international guidelines [7] . Plasma and serum were separated by centrifugation and multiple aliquots of each sample were stored at − 80 ° C until analysis. The superoxide anioncontent of heparinised plasma was measured immediately. The following parameters were measured: oxidative stress status parameters [(reactive oxygen metabolites (ROMs), superoxide anion (O 2 · − ), malondialdehyde (MDA), advanced oxidation protein products (AOPP) and lipid hydroperoxides (LOOH)] and anti-oxidative defence parameters [biological anti-oxidative potential (BAP), PON1: paraoxonase activity toward paraoxon (POase), paraoxonase activity toward diazoxon (DZOase), superoxide-dismutase (SOD) and sulphydryl groups (-SH)]. By calculating the LOOH / BAP ratio we proposed a new oxidative stress status index. Measurements were performed in duplicate and the results were averaged. Quality control was provided by using quality control samples (pooled plasma). The BAP test provides an estimation of the global antioxidant capacity of blood plasma, measured as its reducing potential against ferric ion. The BAP test is based on the ability of a coloured solution containing ferric ions bound to a chromogenic substrate (a thiocyanate derivate) to decolour when its ferric ions are reduced to ferrous after adding herarinised plasma. Solution discolouration was detected spectrophotometrically at 505 nm and was directly proportional to the concentration of all substances able to reduce ferric ion (expressed in μ mol × L − 1 ). The intra-assay coeffi cients of variation were 3.2 % and 5.8 % for ROMs and BAP, respectively and the inter-assay CVs were 3.6 % and 6.1 % for ROMs and BAP, respectively. Plasma MDA was measured using the thiobarbituric acid-reactive substances (TBARS) assay employing the molar absorption coeffi cient of 1.56 × 10 5 M − 1 cm − 1 at 535 nm, as previously described (the intra-assay CV was 5.8 % and the inter-assay CV was 6.2 % ) [22] . The rate of nitroblue tetrazolium reduction was used to measure the level of superoxide anion [4] . Plasma superoxide-dismutase activity was measured according to a previously published method [34] . One unit of superoxide-dismutase activity is defi ned as the activity that inhibits the auto-oxidation of adrenalin by 50 % (the intra-assay CV was 4.5 % and the interassay CV was 7.1 % ). POase and DZOase were measured spectrophotometrically in serum according to Richter and Furlong [40] . Both paraoxon and diazoxon were purchased from Chem Service (West Chester, PA, USA). The activities are expressed as μ mol × min − 1 L − 1 (noted as IUL − 1 ). The intra-assay coeffi cients of variation were 5.2 % and 6.9 % for POase and DZOase, respectively and the inter-assay CVs were 7.7 % and 8.5 % for POase and DZOase, respectively. The concentration of sulphydryl groups in plasma was determined using 0.2 mmol / L 5,5 ′ -dithiobis (2nitrobenzoic acid) (DTNB) reported by Ellmann (the intra-assay CV was 5.0 % and the inter-assay CV was 8.1 % ) [18] . Advanced oxidation protein products were spectrophotometrically detected at 340 nm and expressed as chloramine-T equivalents ( μ mol × L − 1 ) (the intra-assay CV was 4.6 % and the inter-assay CV was 7.8 % ) [41] . Lipid hydroperoxides were quantitated by the xylenol orange method (the intra-assay CV was 4.3 % and the inter-assay CV was 7.9 % ) [2] .
Statistical analysis
Multiple discriminant analysis was employed to investigate differences between the three study groups. In the fi rst step an Ftest (Wilks ' lambda) was used to test if the discriminant model as a whole was signifi cant. In the second step the co-variance matrices, coeffi cients of canonical correlation and the standardised canonical discriminant function coeffi cients were used to classify the dependent variable. The standardised canonical discriminant function coeffi cients were used to compare the relative importance of the independent variables (oxidative stress / anti-oxidative stress status parameters) [26] . The result was considered signifi cant when p < 0.05.
Results &
Oxidative stress and anti-oxidative defence parameters were measured and the results (means ± SD) with specifi c Wilks '
Lambda F and p values are presented in • ▶ Table 2 .
In general, signifi cant diff erences were found in all parameters that were investigated (Wilks ' Lambda = 0.004, F value = 1.368, p = 0.011). Using multiple comparisons (Bonferroni post hoc criteria), signifi cant higher superoxide-dismutase activity (p = 0.002) and SH groups concentration (p = 0.031) (Group 3 vs. Group 1) were observed. Signifi cantly lower superoxide anion (p = 0.001) (Group 3 vs. Group 1) and (p = 0.031) (Group 2 vs. Group 1) were found. ROMs were signifi cantly higher in Group 3 compared with Groups 1 and 2 (p = 0.042, p = 0.010, respectively). A signifi cantly higher paraoxonase activity was observed in Group 2 compared with Group 1 (p = 0.008). The diff erences in This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
the measured parameters were calculated as percentages and are shown in • ▶ Fig. 1 .
The results of multiple discriminant function analysis are shown in • ▶ Table 2 . Discriminant analysis of oxidative stress status [superoxide anion, ROMs, advanced oxidation protein products, malondialdehyde and lipid hydroperoxides] and anti-oxidative defence parameters [superoxide-dismutase, paraoxonase activity toward paraoxon, paraoxonase activity toward diazoxon, BAP, sulphydryl groups concentration and LOOH / BAP ] between the three groups of athletes indicated a statistically signifi cant difference only at the fi rst discriminant function [superoxide anion, superoxide-dismutase, AOPP and sulphydryl groups concentration] (Wilks ' lambda = 0.458, X 2 = 35.898, p = 0.031). When interpreting each function, the larger the standardised regression coeffi cient the greater the contribution to the total function score. The fi rst discriminant function primarily characterised diff erences in anti-oxidative defence between the three groups of volleyball athletes according to their training experience. This discriminant function highlighted the diff erence between Groups 1 and 2 and Group 3 and elegantly described anti-oxidative defence via superoxide-dismutase activity (standardised canonical discriminant function coeffi cient = 0.562) and superoxide anion (standardised canonical discriminant function coeffi cient = − 0.627) as the most important discriminant variables (Wilks ' lambda = 0.793, F = 6.659 and p = 0.003) and (Wilks ' lambda = 0.758, F = 8.125 and p = 0.001) ( • ▶ Tables 2 and 4 ). Covariance matrices were signifi cantly diff erent between the three groups (Box ' s M = 168.21, F = 1.503 and p = 0.029) indicating that dependent variables were equal across the groups. The oxidative stress / anti-oxidative stress variables defi ned the three groups of athletes. Centroids for each group were calculated (Group 1: − 1.317, Group 2: 0.205 and Group 3: 0.940) and are depicted graphically in • ▶ Fig. 2 . Functions at group centroids and Z Score diff erences for Function 1 -[superoxide anion, superoxide-dismutase, advanced oxidation protein products and sulphydryl groupconcentration] are shown in • ▶ Table 5 .
The accuracy of classifi cation of the study groups based on the measured parameters and calculated index was 66.7 % for Group 1, 60.9 % for Group 2 and 81.3 % for Group 3. A total of 68.5 % of the original grouped cases were correctly classifi ed ( • ▶ Table 3 ).
Discussion &
The current study is the fi rst to demonstrate diff erences in the oxidative stress / anti-oxidative defence status between groups of professional female volleyball players diff ering in their number of years of training experience. Oxidative stress and anti-oxidative defence parameters measured in the elite-level trained athletes allowed us to visualise dynamic shifts in oxidative stress-related adaptation processes. Superoxide-dismutase is the major protector from superoxide anion. The enzyme plays an important role in anti-oxidant defence during prolonged physical exercise [20] . Higher superoxide-dismutase activity in the third group of athletes appears to be consistent with published studies [21, 35] . The higher superoxide-dismutase activity was accompanied by lower superoxide anion over several years. Approximately ten years of training permitted superoxide-dismutase activity to reach its maximum, while paraoxonase reached its maximum earlier, between eight and ten years. In the second and third group of athletes, in addition to higher anti-oxidant enzyme activities, ) was lower (Groups 2 and 3 compared to Group 1). In Group 2, paraoxonase activity toward paraoxon (POase) was greatest compared to Group 1. we observed higher sulphydryl groups as a further contributor to the total increase in the anti-oxidant defence capacity. Sulphydryl groups prevent deleterious eff ects such as protein misfolding, catalytic inactivation, decreased anti-oxidant capacity and loss of some specifi c functions [42] . The higher anti-oxidant defence resulted in unchanged AOPPs. The latter is a very positive attribute to participating in sport. Advanced oxidation protein products, apart from being markers of oxidative imbalance, are involved in oxidative stress progression and infl ammation by the activation of immune cells [31, 46] . One of the adaptive mechanisms that develops over years in athletes is the acquisition of a rapid state of greater energy consumption. This is a consequence of increased mitochondrial volume and the amount of enzymes involved in the citric acid cycle and electron-transport chain [3] . The ROMs calculation has been found to be a reliable parameter for oxidative stress status [8, 12] . By comparing ROMs and superoxide anion we can conclude that the ROMs was higher while superoxide anion was lower over time. We can assume that the decline in superoxide anion was associated with increased superoxide-dismutase activity. Other types of radicals (hydroxyl radicals, hydrogen peroxide, alkoxyl radicals, peroxyl and hydroperoxyl radicals) that do not have a specifi c anti-oxidant enzyme may have caused a higher ROMs level. In addition, we can infer that the increase in ROMs was due to aerobic / anaerobic exercise-associated substantial lactic acidosis that enhanced ROS production via an increase in both free iron ions and Fenton and Haber -Weiss chemistry [1, 3, 5, 13, 39] . The increase in free radicals in the second group, compared to the fi rst group, was not signifi cant. We can assume that the higher ROMs level was associated with the mitochondrial content of muscle. However, because of the well-developed anti-oxidant defence, particularly superoxidedismutase activity, the amount of oxidised proteins was unmodifi ed. The potential role of anti-oxidant supplementation should be investigated in the future, particularly in the light of some studies that documented inhibitory eff ects of antioxidant substances on cellular adaptations to exercise [23] . On the other hand, rigorous training which can deplete endogenous anti-oxidant defence in addition to promoting lipid peroxidation, DNA damage and protein oxidation, can lead to fatigue during muscular contraction and post-exercise muscular damage [32, 33] . In cases where oxidative damage biomarkers are detected, anti-oxidant supplementation could be examined in order to reduce the negative eff ects of free radicals but not exercise-induced adaptation.
The BAP test provides a measurement of many anti-oxidants (uric acid, ascorbic acid, α -tocopherol, bilirubin) based on their ability to reduce the iron from its ferric (Fe 3 + ) to ferrous form (Fe 2 + ). The rate constants for reactions of non-enzymatic antioxidants with superoxide anion are much lower than the rate constant for the reaction of superoxide anion with superoxidedismutase [14, 21] . As a consequence it is likely that increased SOD activity resulting from training has a much greater eff ect on anti-oxidative status than non-enzymatic anti-oxidants. The lack of signifi cant diff erences in paraoxonase and superoxide-dismutase activity between the second and third study groups indicated that the athletes with between 8.0 and 10.5 years of training experience had already developed their enzyme anti-oxidative defence system. Based on the Z score diff erence (2.257), we can assume that athletes from the third group, with an average of 13.2 training experience years, achieved a substantial adaptation in relation to group 1, which had an average training experience of 7.1 years ( • ▶ Table 5 ). For the groups 1 and 2 (with average of 8.8 training experience years), Z score diff erence was lower (1.552), which means that adaptation mechanism had not yet reached its maximum. For the groups 2 and 3, Z score diff erence was 0.735, we can assume that is about 4.5 years of additional training and participation in sports activities, which is the diff erence between the average training experience years of these two groups, the period in which the enzyme anti-oxidative defence system is continually and slightly improved. The signifi cant diff erence (18.2 % ) in ROMs between the fi rst and the third study groups indicated that, regardless of the level of adaptation, oxidative stress had increased. Discriminant analysis of athletes according to their training experience indicated that out of all the oxidative stress / anti-oxidant defence parameters analysed the most important variable was superoxide-dismutase activity and superoxide anion which is its natural substrate. Oxidative stress biomarkers adequately defi ned athletes with diff erent years of training and, generally, discriminated them in 68.5 % of cases while in 31.5 % of cases similarities existed between them. In addition to superoxidedismutase and superoxide anion, signifi cant absolute correlations between sulphydryl groups and advanced oxidation protein products with corresponding discriminant functions were found. Higher activity of superoxide-dismutase and paraoxonase as well as signifi cantly higher SH content should provide information to doctors and coaches about relevant levels of anti-oxidant defence. · -, SOD, AOPP and SH concentration] is shown as signifi cant and characterised the diff erences in anti-oxidative defence between the three groups of volleyball players according to their training experience. In conclusion, our study confi rmed that there are diff erences in the oxidative stress / anti-oxidant defence status between athletes that have a diff erent number of training years behind them. The duration of playing volleyball must be suffi ciently long to trigger a sequential adaptive response of the anti-oxidant defence system. Diff erences between the three experimental groups were mainly characterised by superoxide anion reduction and higher superoxide-dismutase activity. Therefore, superoxide-dismutase activity and superoxide anion could be useful for monitoring athletes ' adaptation. Based on our results we hope to predict anti-oxidant defence system development and accordingly adjust the intensity of training to obtain optimal results.
